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FRPSRQHQWV VXFK DV DXWRPRWLYH FRPSRQHQWV LQFOXGLQJ GLVF EUDNHV DQG GULYHVKDIW DLUFUDIW FRPSRQHQWV VSDFH
V\VWHPV DQG H[SORVLRQ HQJLQH FRPSRQHQWV +RZHYHU WKHUH DUH PDQ\ LPSRUWDQW DVSHFWV ZKLFK FDQQRW EH
XQGHUHVWLPDWHG HVSHFLDOO\ ZKHQ KLJKWHPSHUDWXUHV DUH FRQVLGHUHG :KHQ RSHUDWLQJ FRQGLWLRQV LQYROYH KLJK
WHPSHUDWXUHV DQG ORZ IUHTXHQF\ ORDG WLPHGHSHQGDQW FUHHS EHKDYLRXU GUDPDWLFDOO\ DIIHFWV WKH OLIH WLPH RI WKH
00&V 7KH SUHYLRXVO\ PHQWLRQHG DGYDQWDJHV DUH VHULRXVO\ GRZQVL]HG E\ FUHHS EHKDYLRXU WKHUPDO IDWLJXH
PDQXIDFWXULQJSURFHVVHVDQGHQYLURQPHQWSUREOHPVOLNHR[LGDWLRQ>@(VSHFLDOO\FUHHSIDWLJXHEHKDYLRXUEHFRPHV
DQDUHDRIUHVHDUFKLQWHUHVWGXHWRWKHODFNRIDXQLILHGDQGXQLYHUVDOPHWKRGWRDVVHVLWDOWKRXJKGLIIHUHQWVWDQGDUG
FRGHVZHUH GHYHORSHG IRU WKH DVVHVVPHQW RI FUHHS IDWLJXH OLIH RI KLJK WHPSHUDWXUH FRPSRQHQW LQFOXGLQJ$60(
%39FRGHDQG8.5>@
:KHQ FUHHS LV SUHVHQW WKH VWUXFWXUH¶V UHVSRQVH WR D F\FOLF ORDGLQJ FRQGLWLRQ FKDQJHV GUDPDWLFDOO\ >@ZLWK
UHVSHFW WR WKH ORZ WHPSHUDWXUH FDVH'XH WR WKH LQGXFHG UHVLGXDO VWUHVVHV E\ FUHHS DQG SODVWLFLW\ D FORVHG VWUHVV
VWUDLQF\FOHPD\EH IRUPHGZKHQ WKH UHYHUVHSODVWLF VWUDLQVFRPSOHWHO\ UHFRYHU WKH LQHODVWLF VWUDLQFUHDWHGGXULQJ
ORDGLQJ DQG FUHHS GZHOO SHULRGV:LWK WKLV VLWXDWLRQ WKH OLIHWLPH RI WKH00&V LV GRPLQDWHG E\ WKH FRPELQHG
GDPDJHV IURP F\FOLFDOO\ HQKDQFHG FUHHS DQG LQFUHDVHG IDWLJXH E\ WKH VWUHVV UHOD[DWLRQ GXULQJ WKH GZHOO SHULRG
$OWHUQDWLYHO\ WKH K\VWHUHVLV ORRS PD\ EHFRPH QRQFORVHG LI WKH FUHHS VWUDLQV EHFRPH WRR ODUJH IRU WKH UHYHUVH
SODVWLFVWUDLQVWRUHFRYHURUYLFHYHUVD7KLVOHDGVWRDFULWLFDOIDLOXUHPHFKDQLVPFDOOHGFUHHSUDWFKHWWLQJZKLFKLV
VLPLODUWRWKHSODVWLFUDWFKHWWLQJIRUERWKWKHLQHODVWLFVWUDLQZLOOEHDFFXPXODWHGGXULQJHDFKORDGF\FOH+RZHYHU
WKH DFFXPXODWLRQ RI LQHODVWLF VWUDLQ IRU FUHHS UDWFKHWWLQJ LV GULYHQ E\ HLWKHU WKH FUHHS VWUDLQ RU VWUHVV UHOD[DWLRQ
GXULQJ WKH GZHOO SHULRG ,Q RUGHU WR HYDOXDWH FUHHS IDWLJXH LQWHUDFWLRQV DQG FRPELQHG GDPDJHV RI00&V XQGHU
F\FOLF ORDGDQGKLJKWHPSHUDWXUHFRQGLWLRQYDULRXVIDFWRUV WKDWDIIHFWFUHHSDQGIDWLJXHEHKDYLRXUVRIFRPSRVLWHV
QHHG WR EH LQYHVWLJDWHG LQFOXGLQJ HIIHFWV RI WKH DSSOLHG F\FOLF ORDG OHYHO GZHOO SHULRG DQG WHPSHUDWXUH RQ WKH
00&¶VSHUIRUPDQFH
1XPHULFDOVLPXODWLRQVDQGPRGHOOLQJRIILEUHRUSDUWLFOHUHLQIRUFHGDOXPLQLXPEDVHG00&KDYHEHHQSHUIRUPHG
E\PDQ\ UHVHDUFKHUV >@ LQSDUWLFXODU IRU WKH ORZF\FOH IDWLJXHGDPDJHGXH WR WKHF\FOLFSODVWLFLW\DQGFUHHS
UXSWXUHXQGHUKLJKWHPSHUDWXUHFRQGLWLRQ7UDGLWLRQDO)LQLWH(OHPHQW$QDO\VLVZDVDGRSWHGXVLQJIRUHDFKFDVHWKH
PRVWFRQYHQLHQWPDWHULDOPRGHODEOHWRILWWKHH[SHULPHQWDOUHVXOWV7KHPLFURPHFKDQLFDOPRGHOZDVDOVRXVHGWR
VWXG\WKHVL]HHIIHFWRIILEUHRUSDUWLFOHRQWKH00&UHVSRQVH7KH/LQHDU0DWFKLQJ0HWKRG/00DVDSRZHUIXO
'LUHFW0HWKRGIRUWKHVKDNHGRZQDQGUDWFKHWDQDO\VLVKDVEHHQXVHGWRLQYHVWLJDWHWKHVKDNHGRZQDQGUDWFKHWWLQJ
UHVSRQVHRIILEUH>@RUSDUWLFOH>@UHLQIRUFHG00&+RZHYHUYHU\OLWWOHUHVHDUFKIRFXVHGRQWKHFUHHSIDWLJXH
LQWHUDFWLRQ RI 00& RQ D QXPHULFDO SURVSHFWLYH DQG JUHDW HIIRUWV DUH QHFHVVDU\ ZKHQ VLPXODWLQJ GLIIHUHQW
LQWHUDFWLQJPHFKDQLVPV
7KH/00KDVEHHQUHFHQWO\H[WHQGHGIRUWKHHYDOXDWLRQRIIDWLJXHFUHHSLQWHUDFWLRQDQGYDOLGDWHGE\>@DQG
IXUWKHUXVHGIRUDPRUHSUDFWLFDODSSOLFDWLRQLHFUHHSIDWLJXHOLIHDVVHVVPHQWRIZHOGPHQW>@%XWGHVSLWHWKLV
QRVWXG\RQFUHHSIDWLJXHLQWHUDFWLRQRI00&VZDVSHUIRUPHGE\XVLQJWKH/007KHUHIRUHWKHDLPRIWKLVSDSHU
LVWRDGRSWWKHODWHVWH[WHQVLRQRIWKH/00>@WRHYDOXDWHWKHVWHDG\VWDWHF\FOHUHVSRQVHRIDVLOLFRQFDUELGHILEUH
UHLQIRUFHG7DOXPLQLXPDOOR\EDVHG00&VXEMHFWHG WRDF\FOLF WKHUPDODQGPHFKDQLFDO ORDGZLWKDFUHHS
GZHOOEHWZHHQWKHORDGLQJDQGXQORDGLQJSKDVH
1XPHULFDO3URFHGXUHV
2.1. General overview of the thermo-mechanical cyclic problem 
&RQVLGHUDQ(ODVWLF3HUIHFWO\3ODVWLF(33ERG\ZLWKDYROXPH9DQGDVXUIDFH6ZKLFKLVVXEMHFWHGWRDJHQHUDO
F\FOLF ORDG FRQGLWLRQ 2Q VXFK ERG\ YROXPH LV DSSOLHG D F\FOLQJ WHPSHUDWXUH Ȝșșx t LQVWHDG RQ WKH VXUIDFH D
FRQVWDQWORDGȜpPxtDFWLQJRYHUSDUWRIWKHVWUXFWXUH¶VVXUIDFHST7KHUHPDLQLQJVXUIDFHLVFRQVWUDLQHGWRKDYHQR
GLVSODFHPHQW 7KH WLPH YDULDWLRQ FRQVLGHUHG RYHU D W\SLFDO F\FOH LV tt 'dd  &RUUHVSRQGLQJ WR WKHVH ORDGLQJ
KLVWRULHVWKHUHH[LVWVDOLQHDUHODVWLFVWUHVVKLVWRU\
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ZKHUH TV ijÖ DQG
p
ijVÖ GHQRWHV WKH YDU\LQJ HODVWLF VWUHVVHV GXH WR șx t DQGPx t UHVSHFWLYHO\ %\ VHOHFWLQJ WKH
SURSHU YDOXHV IRU Ȝș DQG Ȝp DZKROH FODVV RI ORDGLQJKLVWRULHV FDQ EH FRQVLGHUHG7KHJHQHUDO VWUHVV ILHOG IRU WKH
F\FOLFSUREOHPLQYROYHVWKUHHGLIIHUHQWFRPSRQHQWVWKHHODVWLFWKHFRQVWDQWDQGWKHFKDQJLQJUHVLGXDOVWUHVVILHOGV
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7KHKLVWRU\ rijU LVWKHFKDQJHLQWKHUHVLGXDOVWUHVVGXULQJWKHF\FOHDQGPXVWEH]HURDWERWKWKHVWDUWDQGHQGRI
HDFKORDGF\FOHVRWKDWWKHVWUHVVDQGVWUDLQUDWHKLVWRULHVDUHDV\PSWRWLFWRWKHF\FOLFVWDWH
2.2. An Extended LMM Direct Steady Cycle Analysis considering creep 
,Q WKH SUHVHQWZRUN DQ H[WHQGHG SURFHGXUH RI WKH/00'LUHFW 6WHDG\&\FOH$QDO\VLV '6&$ LV DGRSWHG WR
HYDOXDWHWKHORZF\FOHIDWLJXHUHVSRQVHZLWKFUHHSGZHOO$VLQRWKHUZRUNVWKH/00SURFHGXUHUHTXLUHVDVLQSXWD
VHULHVRIOLQHDUHODVWLFVROXWLRQVJHQHUDWHGDWGLVFUHWHWLPHSRLQWVZLWKLQWKHF\FOHZKHUHDVLJQLILFDQWVWUHVVUDQJH
RFFXUVDQGKHQFHWKHPRVWUHOHYDQWSODVWLFVWUDLQ6XFKVWUDWHJ\LVTXLWHVLJQLILFDQWLQWHUPVRIHIILFLHQF\EHFDXVHLW
VDYHV FRPSXWLQJ WLPH E\ WDUJHWLQJ WKH VWHDG\ VWDWH F\FOH GLUHFWO\ DQG QHJOHFWLQJ LQVLJQLILFDQW ORDGLQJ FRQGLWLRQV
ZKLFK DUH DVVXPHG WR OLH LQ WKH YRQ0LVHV \LHOG VXUIDFH FRPSDULQJZLWK RWKHU F\FOHE\F\FOH DQDO\VLVPHWKRGV
ZKLFKPXVWFRQVLGHUWKHHQWLUHORDGKLVWRU\
7KHDLPRIWKLVH[WHQGHG'6&$SURFHGXUHLVWRFDOFXODWHWKHF\FOLFVWUHVVKLVWRU\DWWKHVWHDG\VWDWHGXHWRWKH
DFFXPXODWLRQRIWKHUHVLGXDOVWUHVVILHOGE\HLWKHUSODVWLFRUFUHHSUHVSRQVHV7KHDVVRFLDWHGLQHODVWLFSODVWLFRUFUHHS
VWUDLQV DUH DOVR HYDOXDWHG IRU WKH VWHDG\ VWDWH ORDG F\FOH 7KH H[WHQGHG'6&$SURFHGXUH LV EDVHG RQ D VHULHV RI
LWHUDWLYH F\FOHV ZKLFK DUH GHILQHG DV P     0 :LWKLQ HDFK LWHUDWLYH VXEF\FOH WKHUH ZLOO EH D VHULHV RI
LQFUHPHQWVNFRUUHVSRQGLQJWRHDFKWLPHSRLQWVZLWKLQWKHF\FOHUDQJLQJIURPQ 1(DFKLQGLYLGXDOYDU\LQJ
UHVLGXDO VWUHVV   rij n mx tU' DVVRFLDWHGZLWKHDFKHODVWLF VROXWLRQ Ö   
e
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VWUHVVWHUPIURPHTXDWLRQFDQEHGHWHUPLQHGE\
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ZKHUH QRWDWLRQ  
  UHIHUV WR WKH GHYLDWRU FRPSRQHQW RI VWUHVVHV DQGP LV WKH LWHUDWLYH VKHDUPRGXOXV >@:KHQ
DGRSWLQJWKH5DPEHUJ2VJRRG52PDWHULDOPRGHOWKLVSODVWLFVWUDLQDPSOLWXGHFDQEHXVHGWRXSGDWHWKHLWHUDWLYH
\LHOG VWUHVV)RU WKH ORDG LQVWDQFHZLWKFUHHSGZHOO SHULRG t'  WKH HIIHFWLYH FUHHS VWUDLQ cH' FDQEH FDOFXODWHGE\
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HTXDWLRQZKHQFRQVLGHULQJDWLPHKDUGHQLQJFUHHSFRQVWLWXWLYHHTXDWLRQLQ>@
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ZKHUH B mDQGn DUHWKHFUHHSFRQVWDQWVRIWKHPDWHULDO cV GHQRWHVWKHFUHHSIORZVWUHVVZKLFKLVWKHVXPRIWKH
VWDUWRIGZHOOVWUHVV sV DQGWKHUHVLGXDOVWUHVV rijU' LQGXFHGGXULQJWKHGZHOOSHULRG7KHFUHHSIORZVWUHVVFDQEH
HYDOXDWHGE\HTXDWLRQLQ>@XVLQJWKHLQIRUPDWLRQRIWKHFUHHSVWUDLQUDWHDW WKHHQGRIGZHOOWLPHZKLFKLV
FDOFXODWHGE\HTXDWLRQDQGLQ>@


)LJ)ORZFKDUWLOOXVWUDWLQJWKH/00H[WHQGHG'6&$QXPHULFDOSURFHGXUH
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7KH FDOFXODWLRQ RI WKH UHVLGXDO VWUHVV rijU' DW HDFK LQFUHPHQW LV WKURXJK WKH VROXWLRQ RI D IRUPXODWHG OLQHDU
SUREOHP  DV GHVFULEHG LQ >@:KHQ WKH SURFHGXUH LV FRPSOHWHG WKH UHVLGXDO VWUHVV ILHOG LV REWDLQHG DQG WKH
LWHUDWLYH VKHDU PRGXOXV   m nx tP LV XSGDWHG DW HDFK VXEF\FOH IRU HDFK ORDG LQVWDQFH nt E\ DGRSWLQJ WKH OLQHDU
PDWFKLQJHTXDWLRQ
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ZKHUH  m nx tP LVWKHLWHUDWLYHVKHDUPRGXOXVDWWKHVXEF\FOHm IRUnWKORDGLQVWDQFH   Ry n mx tV LVWKHLWHUDWLYHYRQ
0LVHV\LHOGVWUHVVIRU52PDWHULDOPRGHORU\LHOGVWUHVVIRUWKH(ODVWLF3HUIHFWO\3ODVWLF(33PDWHULDOPRGHODWORDG
LQVWDQFH tn7KLV \LHOG VWUHVV   Ry n mx tV ZLOO EH UHSODFHGE\ FUHHS IORZ VWUHVV cV ZKHQ FRQVLGHULQJ D ORDG LQVWDQFH
LQYROYLQJFUHHSUHOD[DWLRQGXHWRWKHLQWURGXFHGGZHOOSHULRG$WWKHHQGRIHDFKVXEF\FOHWKHFRQYHUJHQFHZLOOEH
FKHFNHG ,I WKH FRQYHUJHQFH FULWHULRQ LV QRW VDWLVILHG D VXEVHTXHQW VXEF\FOH VWDUWV RWKHUZLVH WKH UHVXOWV DUH
RXWSXWWHGWRSURYLGHDOOWKHFUXFLDOSDUDPHWHUVIRUFUHHSIDWLJXHDVVHVVPHQW
)LQLWHHOHPHQWPRGHO
3.1. Metal Matrix Composite numerical model 
$ORQJILEUHUHLQIRUFHG00&LVDQDO\]HGLQWKLVZRUN'XHWRWKHSHULRGLFGLVSHUVLRQRIWKHILEUHVLQWKHPDWUL[D
XQLW FHOO FDQ EH LGHQWLILHG IRU WKH PLFURPHFKDQLFDO PRGHOOLQJ 7KH 00& XQLW FHOO LV VXEMHFWHG WR D FRQVWDQW
PHFKDQLFDO ORDGRQ WKHULJKWH[WHUQDO IDFHDQGXQLIRUPF\FOLQJWHPSHUDWXUHIURP WR T LQ WKHERG\)LJ7R
DVVHVVWKHFUHHSHIIHFWRQWKHF\FOLFEHKDYLRXURI00&DGZHOOSHULRG t' LVLQWURGXFHGDWHDFKORDGF\FOHDVVKRZQ
LQWKH)LJ'XHWRJHRPHWULFV\PPHWULHVDTXDUWHURIWKHXQLWFHOOLVDGRSWHGZLWKWZRSODQHVRIV\PPHWU\DSSOLHG
DV ERXQGDU\ FRQGLWLRQV LQ DGGLWLRQ WR WKH SODLQ FRQGLWLRQ RQ WKH WZR H[WHUQDO IDFHV WR LQWURGXFH WKH SHULRGLF
FRQVWUDLQWV


t'
T
time
time
pV
T
 
)LJ)LQLWHHOHPHQWPRGHORIWKH00&XQLWFHOODQGORDGLQJKLVWRU\
7KHPHVKLVFRPSRVHGRIQRGHELTXDGUDWLFSODQHVWUDLQTXDGULODWHUDOHOHPHQWVZLWKDUHGXFHGLQWHJUDWLRQ
VFKHPH7KHPRGHOLVFRPSRVHGRIWZRSDUWVDOHIWFRUQHUVSKHULFDOILEUHDQGDVXUURXQGLQJPHWDOPDWUL[)LJ
'XH WR WKH LQWHUDFWLRQEHWZHHQ WKH ILEUH DQG WKHPDWUL[ D UHILQHGPHVK LV DGRSWHG LQ WKH ³Interaction Boundary´
ZKHUHWKHIDLOXUHPHFKDQLVPVDUHPRVWO\H[SHFWHG
7KHPDWHULDOSURSHUWLHVIRUERWKWKHPDWUL[DQGILEUHDUHUHSRUWHGLQ7DEOH&UHHSEHKDYLRXULVHYDOXDWHGXVLQJD
WLPHKDUGHQLQJFUHHSFRQVWLWXWLYHUHODWLRQVKLS
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ncr mA tH V     
ZKHUH n LV WKH VWUHVV H[SRQHQW mLV WKH WLPH H[SRQHQW IRU WKH SULPDU\ FUHHS VWDJH DQG A LV WKH SRZHU ODZ
PXOWLSOLHU&UHHSLVFRQVLGHUHGRQO\IRUWKHPDWUL[DQGWKHGDWDIRUWHQVLOHFUHHSLVWDNHQIURP>@DQGUHSRUWHGLQ
7DEOH
7DEOH00&PDWHULDOSURSHUWLHV
 $O2)LEUH $O70DWUL[
> @E MPa     
Q    
D E  E 
> @y MPaV     

7DEOH&UHHSSDUDPHWHUV$QDQGPIRU7DOXPLQLXPDOOR\
 ϶& ϶& ϶& ϶&
A          
n         
m        

,QRUGHUWRYHULI\WKH/00UHVXOWV$%$486VWHSE\VWHSDQDO\VHVDUHXVHGDQGWKHVLQJOHRSHUDWLQJORDGF\FOH
FRQVLVWVRIWKUHH$%$486ORDGVWHSV7KHILUVWRQHLVD67$7,&VWHSZKLFKUHSUHVHQWVWKHORDGLQJSKDVHZKHUH
ERWKWHPSHUDWXUHDQGPHFKDQLFDOORDGDUHDSSOLHG7KHQD9,6&2VWHSLVSUHVHQWWRVLPXODWHWKHFUHHSGZHOOWLPH
ZKHUHPHFKDQLFDO ORDG DQG WHPSHUDWXUH DUH FRQVWDQW 7R LPSOHPHQW HTXDWLRQ  GXULQJ WKH VHFRQG VWHS D XVHU
GHILQHG &5((3 VXEURXWLQH LV QHFHVVDU\ DQG WKH WLPHKDUGHQLQJ IRUPXODWLRQ LV DGRSWHG 7KH WKLUG VWHS LV D
67$7,&VWHSUHSUHVHQWLQJWKHXQORDGLQJSKDVHZKHUHWKHPHFKDQLFDOORDGLVFRQVWDQWDQGWKHWHPSHUDWXUHJRHVWR
]HUR
5HVXOWVDQGGLVFXVVLRQV
4.1. Effect of creep dwell on hysteresis loop 
,QRUGHUWRSURYLGHDEHQFKPDUNWRGHILQHUHDVRQDEOHF\FOLFORDGFRQGLWLRQVIRUWKHFUHHSIDWLJXHDVVHVVPHQWRI
00& D VKDNHGRZQ OLPLW LQWHUDFWLRQ FXUYH ZDV FDOFXODWHG DV VKRZQ LQ )LJ  E\ XVLQJ WKH /00 VKDNHGRZQ
DQDO\VLVPHWKRG>@ZKHUHDUHIHUHQFHXQLIRUPF\FOLQJWHPSHUDWXUHUDQJHIURP  CD WR T ZKHUH   CT  
D LV
DSSOLHGRYHUWKHHQWLUHPRGHO7KHRUGLQDWHDQGDEVFLVVDD[HVLQ)LJVKRZWKHWHPSHUDWXUHDQGPHFKDQLFDOORDG
QRUPDOLVHGWRWKHUHIHUHQFHWHPSHUDWXUH T DQG\LHOGVWUHVV03DRIPDWUL[UHVSHFWLYHO\
7KHDGRSWHG/00DQDO\VLV LVDOVRDEOHWRHVWLPDWH WKHRYHUDOOIDLOXUHPHFKDQLVPRI00&LQFOXGLQJWKHPRVW
FULWLFDO ORFDWLRQE\VKRZLQJWKHFRQWRXURIF\FOLFSODVWLFVWUDLQUDQJH)LJDVKRZVWKHFHOOUHVSRQVH WRDF\FOLF
ORDG SRLQW DW   )LJ  ZKHUHDV )LJ E FRUUHVSRQGV WR WKH OLPLW ORDG ,W LV FOHDU IURP )LJ  WKDW WKH
³,nteraction Boundary´ LV WKH PRVW FULWLFDO ORFDWLRQ DQG WKLV ZLOO EH WKH ORFDWLRQ ZKHUH WKH IDWLJXH DQG FUHHS
GDPDJHZLOODFFXPXODWHXOWLPDWHO\LQLWLDWLQJFUDFNLQJLQWKHPDWUL[7KHHYDOXDWLRQRIFUHHSIDWLJXHEHKDYLRXURI
00&V LV SHUIRUPHG E\ D VHULHV RI DQDO\VHV FRQVLGHULQJ VL[ F\FOLF ORDG SRLQWV LQVLGH WKH VKDNHGRZQ OLPLW
$$%%&DQG&DVVKRZQLQ)LJ,I
ZLWKRXWFUHHSHIIHFWDOO WKHVHF\FOLF ORDGSRLQWVZLWKLQ WKHVKDNHGRZQOLPLWVKRXOGH[KLELW VKDNHGRZQEHKDYLRXU
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RQO\7KHDLPRIRXUDQDO\VLVLVWRLQYHVWLJDWHKRZF\FOLFEHKDYLRXURI00&FKDQJHVZLWKFUHHSUHVSRQVHGXHWRWKH
LQWURGXFHGKLJK WHPSHUDWXUHGZHOOSHULRG ,QRUGHU WRXQGHUVWDQG WKH FUHHSIDWLJXH LQWHUDFWLRQ HDFK ORDGSRLQW LV
HYDOXDWHGIRUGLIIHUHQWGZHOOWLPHVDQGKRXUVUHVSHFWLYHO\
)RXUK\VWHUHVLVORRSVDUHJHQHUDWHGDQGSUHVHQWHGLQ)LJIRUF\FOLFORDGSRLQWV$DQG&ZKHUHWKHEOXHDQG
UHGOLQHFRUUHVSRQGUHVSHFWLYHO\WRDGZHOOWLPHRIKRXUDQGKRXUVDW&)RUDGZHOOWLPHRIKRXUWKH
FORVHGK\VWHUHVLVORRSLVSUHVHQWRQO\IRU$LQVWHDGIRU&DVPDOOWRWDOVWUDLQLQFUHPHQWLVSUHVHQW&UHHSDIIHFWV
ERWKFDVHVDQGHQKDQFHVWKHXQORDGLQJSODVWLFLW\EXWQRSODVWLFVWUDLQLQJRFFXUVGXULQJORDGLQJGXHWRWKHWRWDOVWUHVV
OHYHOVLQFHLWLVEHORZWKH\LHOG7KHORRSVKDSHFKDQJHVZKHQDODUJHUGZHOOWLPHLVFRQVLGHUHGDQGQRQFORVHGORRS
EHKDYLRXULVREVHUYDEOHDOVRIRU$,Q)LJWKHDFFXPXODWLRQRIWRWDOVWUDLQLVHQWLUHO\GULYHQE\WKHFUHHSVWUDLQ
8QGHUVXFKFRQGLWLRQV WKHGDPDJHFDXVHGE\FUHHS LV LPSRUWDQWHYHQIRU ORZOHYHOSULPDU\ ORDGDVVHHQIRU ORDG
SRLQW$
)LJXUHVKRZVWKH00&UHVSRQVHWRWKHF\FOLF ORDGSRLQWV$DQG&IRUGLIIHUHQWGZHOO WLPHVDW&7KH
ORDGSRLQW$ZLWKVPDOOHUPHFKDQLFDOORDGDOVRH[KLELWVDFORVHGORRSIRUDKRXUGZHOOWLPHEOXHOLQHDVWKHORDG
SRLQW$)LJEXWZLWKDODUJHUVWUDLQUDQJHGXHWRWKHKLJKHUWKHUPDOORDGDSSOLHG&RQYHUVHO\ORDGSRLQW&ZLWK
ODUJHUPHFKDQLFDO ORDG VKRZV D VPDOO FUHHS UDWFKHWWLQJPHFKDQLVP HYHQ IRU  KRXU GZHOO WLPH )XUWKHUPRUH IRU
F\FOLFORDGSRLQW&DVPDOOSODVWLFVWUDLQDOVRDFFXPXODWHVGXULQJWKHORDGLQJSKDVH6XFKEHKDYLRXULVGXHWRWKH
ODUJHUPHFKDQLFDOORDGDQGWKHDFFXPXODWHGUHVLGXDOVWUHVVHVGXULQJWKHF\FOHZKLFKOHDGVRPHUHJLRQVWR\LHOGDOVR
GXULQJWKHORDGLQJSKDVH)RUWKHKRXUVRIGZHOOWLPHERWKORDGLQJSRLQWVEHKDYHLQDVLPLODUZD\ZKHUHFUHHS
UDWFKHWWLQJEHFRPHWKHGRPLQDQWPHFKDQLVP

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)LJ6KDNHGRZQOLPLWIRUWKH00&XQGHUFRQVWDQWPHFKDQLFDOORDGDQGF\FOLQJWKHUPDOORDG


)LJ(IIHFWLYHSODVWLFVWUDLQVDWGLIIHUHQWF\FOLQJORDGSRLQWV
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,QRUGHUWRKDYHDFRPSOHWHRYHUYLHZRIVWUXFWXUHUHVSRQVHWRVXFKF\FOLFORDGLQJFRQGLWLRQVF\FOLFORDGSRLQWV
%DQG%)LJDUHLQYHVWLJDWHGDQGWKHFRUUHVSRQGLQJVWUHVVVWUDLQUHVSRQVHVDWWKHVWHDG\VWDWHDUHSUHVHQWHGLQ
)LJ)RUERWKGZHOOWLPHVERWKSRLQWV%DQG%VKRZWKHSODVWLFORDGLQJSKDVHDQGFUHHSUDWFKHWWLQJEHKDYLRXU
GXHWRWKHYHU\ODUJHPHFKDQLFDOORDG+RZHYHUSRLQW%KDVDKLJKHUVWUDLQOHYHOVGXHWRWKHKLJKHUWHPSHUDWXUHRI
&DSSOLHG:KHQWKHGZHOOWLPHLVLQFUHDVHGIURPKRXUWRKRXUVFUHHSVWUDLQLVLQFUHDVHGJUHDWO\IRUERWK
ORDGSRLQWVDQGPRUHVLJQLILFDQWFUHHSUDWFKHWWLQJPHFKDQLVPLVSUHVHQW


)LJ6WUHVVVWUDLQUHVSRQVHVDWVWHDG\VWDWHDWORFDWLRQZLWKWKHPD[LPXPSODVWLFVWUDLQIRUGLIIHUHQWGZHOOWLPHIRUORDGSRLQWV$DQG&

)LJ5HVSRQVHRIWKHVWHDG\VWDWHVWUHVVVWUDLQSDWKDWORFDWLRQZLWKWKHPD[LPXPSODVWLFVWUDLQIRUGLIIHUHQWGZHOOWLPHIRUORDGSRLQWV$DQG&
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
)LJ5HVSRQVHRIWKHVWHDG\VWDWHVWUHVVVWUDLQSDWKDWORFDWLRQZLWKWKHPD[LPXPSODVWLFVWUDLQIRUGLIIHUHQWGZHOOWLPHIRUORDGSRLQWV%DQG%
7KHGHWDLOHG HIIHFWVRI GLIIHUHQW FUHHSGZHOO WLPHVRQSODVWLF VWUDLQV IRU ERWK F\FOLF ORDGSRLQWV% DQG%DUH
UHSRUWHG LQ )LJ  )LJ D DQG )LJ E VKRZ WKH SODVWLF VWUDLQ UDQJH GXULQJ ORDGLQJ SKDVH IRU SRLQW %DQG %
UHVSHFWLYHO\ZKLFKLQYROYHVDVPDOODQGORFDOL]HGDUHDLQWKH³Interaction Boundary´:KHQWKHFUHHSGZHOOWLPHLV
LQFUHDVHGWKHSODVWLFUHJLRQGRHVQRWLQFUHDVHVLJQLILFDQWO\DQGVWLOOKLJKO\ORFDOL]HGEXWZLWKDJUHDWHUSODVWLFVWUDLQ
PDJQLWXGH )RU SRLQW % ZLWK KLJKHU WHPSHUDWXUH RI & WKH SODVWLF UHJLRQ EHFRPHV ELJJHU DQG DOVR VOLJKWO\
LQFUHDVHVIRUORQJHUFUHHSGZHOO$VLPLODUWUHQGLVVKRZQE\)LJFDQG)LJGIRUF\FOLFORDGSRLQWV%DQG%
UHVSHFWLYHO\ZKHUH WKHSODVWLFVWUDLQDWXQORDGLQJSKDVH LV UHSRUWHG%RWK)LJVFRQILUPWKHPDMRUSODVWLFGDPDJH
RFFXUVDWWKHXQORDGLQJSKDVHDQGLQYROYHVDTXLWHODUJHDUHDRIPDWUL[7KHLQFUHDVHRIERWKWKHGZHOOWLPHDQGWKH
WKHUPDOORDGHQKDQFHVVXFKEHKDYLRUVLJQLILFDQWO\E\GUDPDWLFDOO\LQFUHDVLQJWKHSODVWLFVWUDLQPDJQLWXGHDVVKRZQ
LQ)LJFDQG)LJG)RUERWKORDGSRLQWV%DQG%WKHFUHHSUDWFKHWWLQJEHKDYLRUEHFRPHVYHU\VLJQLILFDQWDVLW
LVHQKDQFHGE\WKHKLJKOHYHORISULPDU\ORDG'ZHOOWLPHLVDOVRFUXFLDOIRUWKHFHOOUHVSRQVHWRWKHF\FOLFORDG
$OOWKHUHVXOWVFRQILUPWKDWFUHHSUDWFKHWWLQJPHFKDQLVPVLVDIIHFWHGE\WZRNH\SDUDPHWHUVGZHOOWLPHDQGWKH
SULPDU\ORDGOHYHO7KHDQDO\VHVSHUIRUPHGIRUF\FOLF ORDGFDVH$DQG$VKRZHGDFORVHGK\VWHUHVLV ORRS7KH
LQFUHDVH RI GZHOO WLPH GUDVWLFDOO\ FKDQJHG WKH00& UHVSRQVH LQWURGXFLQJ DQ HYLGHQW FUHHS VWUDLQ DFFXPXODWLRQ
HYHQIRUVXFKFDVHV,QRUGHUWRFRQILUPWKHLPSRUWDQFHRIWKHSULPDU\ORDGRQWKHFUHHSUDWFKHWWLQJEHKDYLRXUWKH
SXUHF\FOLFWKHUPDOORDGFDVHLVLQYHVWLJDWHGLH

 P
y
  
V T
V T
  
7KLVORDGLQJFRQGLWLRQLVLQYHVWLJDWHGE\FRQVLGHULQJYDU\LQJGZHOOWLPHVIURPKRXUWRDPD[LPXPRI
KRXUV7KHFDOFXODWHGK\VWHUHVLVORRSVIRUGLIIHUHQWGZHOOWLPHVDUHVKRZQLQ)LJ,WLVHYLGHQWWKDWZKHQWKHUHLV
QRSULPDU\ ORDG GHVSLWH WKH LQFUHDVHRI FUHHSGZHOO WKH VHFRQGDU\ WKHUPDO ORDG LVQRW FDSDEOHRI FDXVLQJFUHHS
UDWFKHWWLQJ LQ WKH00&V+RZHYHU WKH LQFUHDVHRIGZHOO WLPHHQKDQFHV WKHFUHHSVWUDLQDQG WKHVWUHVV UHOD[DWLRQ
GXULQJ WKHGZHOOSHULRGDQGFRQVHTXHQWLDOO\HQKDQFHV WKHSODVWLFEHKDYLRXUGXULQJ WKHXQORDGLQJSKDVH7KLVZLOO
LQHYLWDEO\ LQFUHDVH WKH WRWDO VWUDLQ UDQJHRI WKH FORVHGK\VWHUHVLV ORRSXQWLO D OLPLWLQJ VWDWH LV UHDFKHGZKHUH DOO
WKHUPDO VWUHVVHV DUH IXOO\ UHOD[HG WR ]HUR QR IXUWKHU FUHHS VWUDLQ LV LQGXFHG DQG KHQFH WKHUH LV QR DGGLWLRQDO
HQKDQFHPHQWRIUHYHUVHSODVWLFLW\GXULQJWKHXQORDGLQJSKDVH$VSUHVHQWHGLQ)LJZKHQWKHUHLVQRSULPDU\ORDG
WKHFUHHSVWUDLQRFFXUUHGGXULQJWKHGZHOOSHULRGZLOOEHIXOO\UHFRYHUHGE\WKHSODVWLFVWUDLQGXULQJWKHXQORDGLQJ
SKDVHOHDGLQJWRDFORVHGK\VWHUHVLVORRS
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
a b
dc

)LJ(IIHFWRIGZHOOWLPHRQSODVWLFVWUDLQLQFUHPHQWVDWORDGLQJDQGXQORDGLQJIRUF\FOLFORDGSRLQWV%DQG%
,Q)LJDQRYHUYLHZRI WKHVWUHVVILHOGVDW WKHHQGRIFUHHSDQGXQORDGLQJSKDVHIRUGLIIHUHQWGZHOO WLPHV LV
SUHVHQWHG'XH WR WKHPDWHULDOPLVPDWFKDWERWK ORDGLQJSKDVHV WKHKLJKHVW VWUHVVRIPDWUL[GHYHORSVDURXQG WKH
ILEUH VWDUWLQJIURP WKH³Interaction Boundary´:KHQ WKHFUHHSGZHOO LV LQFUHDVHGD VLJQLILFDQW VWUHVV UHOD[DWLRQ
RFFXUV DQG WKH DIIHFWHG DUHD EHFRPHV ODUJHU/RQJHU GZHOO WLPH DOORZVZLGHU DUHD WR \LHOG GXULQJ WKHXQORDGLQJ
SKDVHDVVKRZQLQ)LJ7KHLQFUHDVHRIFUHHSGZHOODOVRFDXVHVKLJKHUSODVWLFVWUDLQGXULQJXQORDGLQJDQGVXFK
PHFKDQLVPPDNHVWKHVL]HRIWKHK\VWHUHVLVORRSODUJHU

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
)LJ5HVSRQVHRIWKHVWHDG\VWDWHVWUHVVVWUDLQSDWKDWORFDWLRQZLWKWKHPD[LPXPSODVWLFVWUDLQIRUGLIIHUHQWGZHOOWLPHV


)LJ(IIHFWRIGZHOOWLPHRQVWUHVVVWDWHDWWKHHQGRIFUHHSDQGXQORDGLQJSKDVHUHVSHFWLYHO\
4.2. Effect of creep dwell on hysteresis loop 
7R IXUWKHU XQGHUVWDQG WKH HIIHFW RI GZHOO WLPH RQ WKH F\FOLF UHVSRQVH RI 00& WKH SORW RI PDJQLWXGHV RI
PD[LPXPSODVWLFVWUDLQLQFUHPHQWVGXULQJORDGLQJDQGXQORDGLQJSKDVHVDJDLQVWWKHDSSOLHGGZHOOWLPHLVSUHVHQWHG
LQ)LJDDQGWKHSORWRIPD[LPXPFUHHSUDWFKHWVWUDLQLHWKHDFFXPXODWHGLQHODVWLFVWUDLQSHUF\FOHDJDLQVWWKH
DSSOLHGGZHOOWLPHLVJLYHQLQ)LJE,WFDQEHVHHQFOHDUO\IURP)LJDWKDWZKHQWKHDSSOLHGGZHOOWLPHLVPRUH
WKDQKRXUV WKHSODVWLFVWUDLQPDJQLWXGHVDWERWK ORDGLQJDQGXQORDGLQJSKDVHVQHDUO\NHHSXQFKDQJHG7KLV
EHKDYLRXURFFXUVDV WKHFUHHSVWUHVVDW WKHHQGRI WKHGZHOOSHULRGUHDFKHVDVWHDG\VWDWH%\ WKLVSRLQW WKHFUHHS
VWUHVVFDQQRWUHOD[DQ\PRUHDQG WKHSODVWLFVWUDLQPDJQLWXGHGXULQJ WKHXQORDGLQJSKDVHFDQQRW LQFUHDVHZLWK WKH
&ORVHGORRS
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IXUWKHU LQFUHDVH RI WKH GZHOO WLPH+RZHYHU LW LV REVHUYHG IURP)LJ E WKDW WKHPD[LPXP FUHHS UDWFKHW VWUDLQ
DOPRVWLQFUHDVHVOLQHDUO\ZLWKWKHGZHOOWLPHZKHQWKHDSSOLHGGZHOOWLPHLVPRUHWKDQKRXUV7KLVKLJKOLJKWV
WKHHIIHFWVRIFUHHSGZHOOWLPHRQERWKWKHVKDSHRIK\VWHUHVLVORRSDQGWKHFUHHSIDWLJXHOLIHRIWKH00&)RUD
ORQJGZHOOWLPHFUHHSGDPDJHGRPLQDWHVDQGDFUHHSUDWFKHWWLQJPHFKDQLVPRFFXUV7KLVKLJKOLJKWVWKHLPSRUWDQFH
RI WKH GZHOO WLPH IRU WKH OLIH DVVHVVPHQW RI FRPSRQHQW RSHUDWLQJ XQGHU VXFK ORDGLQJ FRQGLWLRQV HYHQZKHQ WKH
RSHUDWHGORDGLQJFRQGLWLRQLVEHORZWKHVKDNHGRZQOLPLW
'XULQJWKHGZHOOSHULRGERWKWKHVWUHVVUHOD[DWLRQDQGFUHHSVWUDLQDFFXPXODWLRQDUHREVHUYHGIRU00&7KLVLV
UHODWHG WRDSKHQRPHQRQFDOOHGHODVWLF IROORZXS>@DQG LV W\SLFDOO\TXDQWLILHGE\DQHODVWLF IROORZXSIDFWRU=
GHILQHG E\ WKH UDWLR RI WKH FUHHS VWUDLQ LQFUHPHQW WR WKH HODVWLF VWUDLQ LQFUHPHQW GXULQJ VWUHVV UHOD[DWLRQ8QGHU
FRQVWDQWGLVSODFHPHQWORDGLQJWKHVWUHVVUHOD[DWLRQUHVXOWVLQQRFKDQJHLQWKHWRWDOVWUDLQDVFUHHSVWUDLQUHSODFHV
HODVWLFVWUDLQZLWKWLPHZKHUH= 7KHHODVWLFIROORZXSIDFWRULVNQRZQWREHLQIOXHQFHGE\ORDGLQJFRQGLWLRQV>
@ DQG ODUJHUSULPDU\ ORDGVFRPELQHGZLWK ORQJHUGZHOO WLPHVSURGXFH ODUJHU=)RU WKH00& LQYHVWLJDWHG WKH
GHWDLOHGHODVWLFIROORZXSIDFWRUVDWWKHORFDWLRQRIPD[LPXPFUHHSVWUDLQIRUGLIIHUHQWGZHOOWLPHVDQGFRQVLGHUHG
F\FOLF ORDGFRQGLWLRQVDUHSUHVHQWHG LQ7DEOH7KLV VKRZVKRZ WKHPDJQLWXGHRI WKHSULPDU\ ORDGDIIHFWV WKH=
IDFWRU:KHQWKH00&LVVXEMHFWHGWRDORZPHFKDQLFDOORDG$$RQO\PRGHUDWHLQFUHDVHVRFFXUZKHQWKHGZHOO
WLPHLVLQFUHDVHGZKHUHDVUDGLFDOFKDQJHVDUHREVHUYHGZKHQWKHSULPDU\ORDGLVLQFUHDVHG%DQG%

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)LJD3ODVWLFVWUDLQLQFUHPHQWVE&UHHSUDWFKHWVWUDLQSHUF\FOHDJDLQVWGZHOOWLPHDWF\FOLFORDGLQJSRLQW%
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7DEOH9DOXHVRIHODVWLFIROORZXSIDFWRUDWORFDWLRQZLWKPD[LPXPFUHHSVWUDLQ
IRUGLIIHUHQWORDGLQJFRQGLWLRQVDQGFUHHSGZHOOWLPHV
/RDGSRLQW = t'   = t'  = t'  
=
t'  


$        
%        
$        
%       


)LJ&RPSDULVRQVEHWZHHQ/00DQG$%$486VWHSE\VWHSDQDO\VLVIRUVWUDLQLQFUHPHQWVDWORDGLQJFUHHSDQGXQORDGLQJSKDVH
7DEOH&RPSDULVRQEHWZHHQ/00DQG6WHSE\6WHS$EDTXVDQDO\VHVIRUGLIIHUHQWF\FOLFORDGLQJSRLQWV
 LpH'  cH' 
UL
pH' 
&\FOLFORDGSRLQW /00 $%$486 /00 $%$486 /00 $%$486
$       E  E  E   E 
%
E  E  E   E   E  E 
$       E   E  E   E  
%
E  E   E  E  E  E  
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,QRUGHU WRYHULI\WKH/00UHVXOWVDGLUHFWFRPSDULVRQZLWKWKH$%$486VWHSE\VWHSDQDO\VHVLVSHUIRUPHG
7KUHH TXDQWLWLHV DUH FRQVLGHUHG LQ WKH YHULILFDWLRQ SURFHGXUH WKH FUHHS VWUDLQ LQFUHPHQW  cH'  WKH SODVWLF VWUDLQ
LQFUHPHQWDW ORDGLQJ LpH' DQG WKHSODVWLFVWUDLQ LQFUHPHQWDWXQORDGLQJ
UL
pH' 'LUHFWFRPSDULVRQVRIFRQWRXUV
DQGPDJQLWXGHVRI WKHVHSODVWLF DQGFUHHS VWUDLQVREWDLQHGE\ WKH/00DQG$%$486VWHSE\VWHS DQDO\VHV DUH
JLYHQ LQ )LJ  DQG 7DEOH  UHVSHFWLYHO\ DQG D SHUIHFW DJUHHPHQW LV REVHUYHG ,W LV HYLGHQW WKDW WKH /00 LV
FDSDEOHRISURGXFLQJDFFXUDWHVROXWLRQVWRHVWLPDWHWKHF\FOLFUHVSRQVHRI00&WRWKHDSSOLHGF\FOLFORDGFRQGLWLRQ
ZLWKFUHHSGZHOO)XUWKHUPRUHLWLVZRUWKQRWLQJWKDWWKH/00FUHHSIDWLJXHDQDO\VLVLVPXFKPRUHHIILFLHQWWKDQ
WKH VWDQGDUG$%$486 VWHSE\VWHS DQDO\VLV SURFHGXUH%DVHGRQ D VWDQGDUG3& WKH FRPSXWDWLRQDO&38FRVW WR
VROYHRQHF\FOLFORDGLQJFDVHIRUDQ\WKHGZHOOWLPHUHTXLUHGE\WKH/00DQDO\VLVLVDSSUR[LPDWHO\VHFRQGV
 WRWDO LQFUHPHQWV DJDLQVW WKH  VHFRQGV  WRWDO LQFUHPHQWV DQG VHFRQGV  WRWDO LQFUHPHQWV
UHTXLUHG E\ WKH $%$486 VWHSE\VWHS DQDO\VLV IRU  KRXU DQG  KRXUV GZHOO WLPHV UHVSHFWLYHO\ 7KLV
FRPSDULVRQYHULILHVWKHHIILFLHQF\VXSHULRULW\RI/00
4.3. Further discussion on MMC damaging and response to cyclic load 

)LJD(IIHFWRIGZHOOWLPHRQWKHVWUHVVGLVWULEXWLRQIRUWKHFRPSOHWHXQLWFHOODWWKHHQGRIFUHHSGZHOOIRUF\FOLFORDGSRLQW%
E(IIHFWRIGZHOOWLPHRQWKHSODVWLFVWUDLQLQFUHPHQWRIWKHFRPSOHWHXQLWFHOOGXULQJXQORDGLQJSKDVHIRUF\FOLFORDGSRLQW%
$PRQJ  F\FOLF ORDGLQJ SRLQWV VKRZQ LQ )LJ  WKH PRVW FULWLFDO RQH LV % +HQFH IRU WKLV ORDGLQJ SRLQW D
FRPSOHWH FHOO YLHZ LV SUHVHQWHG LQ )LJ D DQG )LJ E IRU WKH GLVFXVVLRQ ,Q SUHYLRXV VHFWLRQV LW LV ZHOO
HVWDEOLVKHG WKDW FUHHS GZHOO WLPH DIIHFWV GUDPDWLFDOO\ WKH VWUXFWXUH UHVSRQVH GXH WR WKH VWUHVV UHOD[DWLRQ DQG
UHGLVWULEXWLRQZKLFKDUHSDUWLFXODUO\GDPDJLQJDQGUHVSRQVLEOHIRUWKHSODVWLFLW\GXULQJWKHXQORDGLQJDQGORDGLQJ
SKDVHZKHQ WKHSULPDU\ ORDG OHYHO LV KLJKHQRXJK)LJ D VKRZV WKH VWUHVVGLVWULEXWLRQ DW WKH HQGRI WKH FUHHS
GZHOO IRU WZRFDVHV KRXU DQGKRXUV RIGZHOO WLPH7KH DVVRFLDWHG UHVLGXDO VWUHVVGXULQJ WKH FUHHSGZHOO
PDNHVLWSRVVLEOHWR\LHOGUHJLRQVZKLFKQRUPDOO\GRQ¶WH[KLELWDSODVWLFEHKDYLRXU7KLVLVKLJKOLJKWHGE\)LJE
ZKHUH WKH SODVWLF VWUDLQ LQFUHPHQW DW XQORDGLQJ SKDVH LV UHSRUWHG %RWK WKH SODVWLF VWUDLQPDJQLWXGH DQG DUHD DW
XQORDGLQJSKDVHODUJHO\LQFUHDVHVE\ORQJHUGZHOOWLPHV'XHWRWKHWUDQVYHUVHGLUHFWLRQRIWKHPHFKDQLFDOORDGWKH
UHLQIRUFHPHQWILEUHGRHVQRWLPSURYHWKHWHQVLOHVWUHQJWKRI00&VLJQLILFDQWO\XQGHUVXFKORDGFRQGLWLRQZKLFKLV
WKHPRVWFULWLFDO ORDGFRQGLWLRQWKHVWUXFWXUHPD\H[SHULHQFH7KHPRVWGDQJHURXVPHFKDQLVPVKRZVSODVWLFLW\ LQ
ERWKORDGLQJDQGXQORDGLQJSKDVH,QVXFKFRQGLWLRQFUHHSDQGFUHHSUDWFKHWWLQJEHFRPHH[WUHPHO\GDPDJLQJZKHQ
D E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WKHGZHOOWLPHLQFUHDVHV
&RQFOXVLRQV
7KHZRUN SUHVHQWHG LQ WKLV SDSHU LQYHVWLJDWHV WKH LQWHUDFWLRQV EHWZHHQ IDWLJXH DQG FUHHS GDPDJHV RI D ILEUH
UHLQIRUFHG 00& VXEMHFWHG WR D F\FOLF WHPSHUDWXUH DQG FRQVWDQW PHFKDQLFDO ORDG E\ XVLQJ WKH /00 H[WHQGHG
'6&$ZLWKPLFURPHFKDQLFDOPRGHOOLQJ7KH00&LVPRGHOOHGXVLQJDQLGHDOLVHGSODLQVWUDLQPRGHOZKHUHERWK
PDWUL[DQGILEUHPDWHULDOVDUHPRGHOOHGDVHODVWLFSHUIHFWO\SODVWLF7KHWLPHGHSHQGDQWFUHHSEHKDYLRXULVPRGHOOHG
XVLQJWKH1RUWRQ%DLOH\UHODWLRQVKLS
$GHWDLOHGVWXG\RQ00&UHVSRQVHVWRGLIIHUHQWF\FOLFORDGSRLQWVZLWKLQWKHVKDNHGRZQOLPLWLVSHUIRUPHG7KH
SULPDU\ ORDG OHYHO DQG GZHOO WLPH DUH FRQILUPHG WR EH WKH WZR PRVW LPSRUWDQW SDUDPHWHUV IRU FUHHSIDWLJXH
LQWHUDFWLRQ:KHQWKHGZHOOWLPHLVVPDOOHQRXJKHJKRXUDFORVHGK\VWHUHVLVORRSFDQEHREVHUYHGIRUDORZ
OHYHORISULPDU\ORDG&RQYHUVHO\ZKHQGZHOO WLPHLQFUHDVHVFUHHSUDWFKHWWLQJEHFRPHVLJQLILFDQW7KHLQFUHDVLQJ
GZHOOWLPHLQFUHDVHVWKHWRWDOVWUDLQUDQJHE\LQFUHDVLQJWKHSODVWLFVWUDLQLQFUHPHQWGXULQJXQORDGLQJSKDVHGXHWR
WKHVWUHVV UHOD[DWLRQGXULQJ WKHFUHHSGZHOOSHULRG2QFH WKHVWHDG\VWDWHVWUHVV LV UHDFKHGDW WKHHQGRI WKHFUHHS
GZHOO QRPRUH LQFUHDVH RI SODVWLF VWUDLQ LQFUHPHQW LV SRVVLEOH 7\SLFDOO\ IRU D ORQJ GZHOO WLPH PRUH WKDQ 
KRXUV FUHHS UDWFKHWWLQJ LV SUHVHQW ZLWK DQ LQHODVWLF VWUDLQ DFFXPXODWLRQ DW HDFK F\FOH WKH PDJQLWXGH RI ZKLFK
LQFUHDVHDOPRVWOLQHDUO\ZLWKWKHGZHOOWLPH:KHQWKHSULPDU\ORDGLV]HURFUHHSUDWFKHWWLQJGRHVQRWWDNHSODFHIRU
DQ\ WKHUPDO ORDG OHYHO DQG GZHOO WLPHV ,Q DGGLWLRQ WR WKHVH UHVXOWV D GLVFXVVLRQ RQ WKH IDLOXUH PHFKDQLVPV LV
SUHVHQWHGIRUWKHPRVWFULWLFDOF\FOLFORDGSRLQW%SUHVHQWLQJDXQLWFHOOIXOOYLHZ7KHPDLQFRQWULEXWLRQWRWKH
00&GDPDJLQJLVWKHVWUHVVUHOD[DWLRQDQGUHGLVWULEXWLRQGXULQJWKHGZHOOSHULRGZKLFKPDNHVLWSRVVLEOHWR\LHOG
UHJLRQVZKLFKQRUPDOO\GRQ¶WH[KLELWDSODVWLFEHKDYLRXUZLWKRXWWKHFUHHSGZHOO2YHUDOOWKHOLIHDQGLQWHJULW\RI
00&LVUHGXFHGE\WKHFRPELQHGDFWLRQRIFUHHSDQGIDWLJXHGDPDJHVDVZHOODVWKHDFFXPXODWHGLQHODVWLFVWUDLQ
SHUF\FOHGXHWRWKHFUHHSUDWFKHWWLQJPHFKDQLVP
7KHDFFXUDF\DQGHIILFLHQF\RIWKH/00H[WHQGHG'6&$IRUWKHHYDOXDWLRQRIF\FOLFSODVWLFFUHHSEHKDYLRXURI
00&KDVEHHQFRQILUPHGE\GLUHFWFRPSDULVRQVZLWKDVHWRI$%$486VWHSE\VWHSDQDO\VHV$OOWKHFRPSDULVRQV
GHPRQVWUDWHWKDW/00LVFDSDEOHRISURYLGLQJDFFXUDWHVROXWLRQVZLWKUHGXFHGFRPSXWDWLRQDOHIIRUWV
$FNQRZOHGJHPHQWV
7KH DXWKRUV JUDWHIXOO\ DFNQRZOHGJH WKH VXSSRUW RI WKH 8QLYHUVLW\ RI 6WUDWKFO\GH WKH 5R\DO $FDGHP\ RI
(QJLQHHULQJ WKH 5R\DO 6RFLHW\ ,( WKH ,QWHUQDWLRQDO &RRSHUDWLRQ DQG ([FKDQJH 3URMHFW 16)&
DQGWKH1DWLRQDO6FLHQFH)RXQGDWLRQIRU'LVWLQJXLVKHG<RXQJ6FKRODUVRI&KLQDGXULQJ
WKHFRXUVHRI WKLVZRUN$OOVROXWLRQVSURYLGHGLQWKHZRUNSUHVHQWHGKDYHEHHQREWDLQHGXVLQJWKHILQLWHHOHPHQW
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